Abstract -Osteoarthritis (OA) is a disease which results in altered fluid flow and solute-matrix interactions in affected articular cartilage. We propose that quantification of these changes could be used as a diagnostic measure of OA, early on in disease progression. This study validates the use of Fluorescence Correlation Spectroscopy and Raster Image Correlation Spectroscopy to quantify the equilibrium diffusivity of solutes in agarose and cartilage. We also demonstrate diffusion attenuation with increased solute size and gel concentration. Lastly, we characterize diffusion in three zones of bovine articular cartilage. Future work, utilizing Spatiotemporal Image Correlation Spectroscopy, will be able to quantify load-induced solute convection in situ, which will allow further characterization of solute-matrix interactions and fluid flow in articular cartilage.
INTRODUCTION
Osteoarthritis (OA) is a debilitating disease that affects millions of Americans. OA progression is slow and cumulative, and patients typically do not present symptoms until end-stage time points, which leaves clinicians with limited treatment options. Clinical management of OA consists mostly of analgesic pain relief or joint arthroplasty. Earlier diagnosis of OA could allow for improved patient outcomes through proactive treatment strategies.
One of the earliest signs of OA is proteoglycan loss in the articular cartilage of the affected joint [1] . The negatively charged proteoglycans are essential for cartilage's characteristic water retention, which modulates the tissue's fluid load support and low frictional properties [2] . Solute-matrix interactions and interstitial fluid flow in articular cartilage are affected by the loss of proteoglycans affects seen in OA [3] . Thus, changes in solute-matrix interactions and resultant load-induced fluid flow may be useful as diagnostic measures of early OA.
Recently, Fluorescence Correlation Spectroscopy (FCS) has been used to quantify the diffusivity of various solutes in healthy and chemically degraded cartilage [4] . While confocal-FCS is a wellestablished technique, it is spatially limited by its use of a stationary (1-fL) observation volume. Raster Image Correlation Spectroscopy (RICS) is a recently developed technique that exploits the time lag between consecutively captured pixels in confocal laser scanning microscope images to determine the diffusivity of solutes being imaged [5] . However, RICS has not been used to quantify solute diffusion in solid media. The goal of this study was to use FCS and RICS to quantify the diffusion of variously sized fluorescent solutes in strained and unstrained plugs of agarose and cartilage. Characterizing diffusion in situ is the first step in determining the efficacy of using fluid flow behavior as a diagnostic measure of OA.
METHODS

A. Agarose
Agarose plugs (3 mm diameter, 1.5 mm thick, n = 55) were made in concentrations of 1, 3, and 5% wt/vol in DI water. These plugs were equilibrated for at least 24 hours in 10 nM solutions of either fluorescein isothiocyanate (FITC, MW = 389 Da), AlexaFluor (AF) 488-Conjugated 3K Dextran (MW = 3,000 Da), or AF 488-Conjugated 10K Dextran (MW = 10,000 Da). Correlation spectroscopy was performed at three locations within each sample to obtain an average diffusion coefficient value. Samples were quantified at equilibrium under 0 and 10% strain, applied via unconfined compression between glass imaging platens.
B. Cartilage
Articular cartilage plugs (3 mm diameter) were harvested from juvenile bovine medial femoral condyles (~18 months old; n = 2). Each plug was cut into three 1 mm thick sections (n = 20), such that each section comprised approximately one cartilage zone (i.e. superficial, middle, or deep zone). Each section was stained with DAPI followed by 24-hour equilibration in 10 nM solutions of FITC or 3K Dextran. Correlation spectroscopy analyses were performed at three locations within each sample to obtain an average diffusion coefficient value. Samples were observed at equilibrium and under 0, 10, 20, and 30 percent strain, applied via unconfined compression.
C. Correlation Spectroscopy
Diffusivity was quantified via FCS and RICS, following previously described protocols [5] [6] [7] . FCS is an Eulerian measurement technique, in which fluorescent intensity fluctuations that occur within a 1 fL observation volume are analyzed via autocorrelation, and fit to a diffusion model to obtain a diffusion coefficient value. This analysis was performed in the Zen 2009 software. RICS is an image-based method, which exploits the time lags between consecutively captured pixels in a raster-scanned image to quantify the diffusivity of the particles in the system under observation. Autocorrelations are performed on these images, and fit to a 3-D diffusion model containing scanning parameters to obtain a diffusion coefficient. RICS analysis was performed using a custom MATLAB program.
D. Microscopy
All experiments were performed at room temperature using a 40X water-immersion objective on a Zeiss LSM780 confocal microscope. A 488 nm laser was used to excite all fluorescent dyes. RICS images (256 2 or 512 2 pixels) were captured at 200-320x (5-8x zoom applied to achieve spatial oversampling) under similar conditions. All data was captured at a depth of 20 m into the sample.
Point spread function (PSF) calibrations were done by performing FCS and RICS on a solute with known diffusivity. The calibrations were performed on an aqueous FITC solution, with a diffusion coefficient of 450 µm 2 /s. Diffusivity measurements of other solutes
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E. Statistical Analysis
Two-way ANOVA, with replication, was performed on all data sets. Nominal variables were agarose concentration, cartilage zone, and fluorescent solute type. One-way ANOVA with a Tukey post-hoc was used to determine significance between groups. For all tests, p < 0.05 was the constraint for significance.
RESULTS
A. Agarose
The diffusivity of fluorescent solutes in agarose is dependent upon the solute size and agarose concentration. Two-way ANOVA revealed a significant interaction term, indicating that the effects of gel concentration are dependent upon the effects of solute size, and vice versa. The diffusion coefficient decreased with increased molecular weight and increased agarose concentration. Both FCS and RICS demonstrated similar trends. (Fig. 1) Solute diffusion was shown to decrease with increased strain. Diffusion coefficients were found to decrease significantly as solute molecular weight increased. Specifically, 3K and 10K Dextran were shown to diffuse significantly more slowly than FITC in all the agarose gel concentrations tested; differences in diffusivity among the 3K and 10K Dextran groups appeared to trend towards significance.
B. Cartilage
In cartilage, solute diffusivity decreased between 0% and 10% compressive strain in superficial zone cartilage. No trends were apparent at higher levels of strain or in deeper cartilage zones. Diffusion coefficients determined by RICS tended to be slightly lower than those found via FCS. Two-way ANOVA of FCS and RICS data did not reveal significant relationships between compressive strain, solute size, and solute diffusivity in cartilage. In data not shown in this abstract, the diffusion coefficient of FITC and 3K Dextran were also compared in zonally matched cartilage samples. The diffusivity of FITC was found to be greater than that of the 3K Dextran. (Fig.2 DISCUSSION FCS and RICS demonstrate similar accuracy in determining the diffusivity of solutes, whose molecular weights span three orders of magnitude, in agarose and cartilage. There is greater precision in the measurement of diffusivity in agarose than in cartilage, which is to be expected since agarose is a more structurally homogeneous material. Inhomogeneity may influence RICS sensitivity due to spatial averaging. Presently, we are developing spatial windowing analysis technique to increase sensitivity and enable diffusivity mapping within an observation region.
Articular cartilage structure and function has been shown to be heterogeneous across the joint surface [8] , which could explain the large variability seen in diffusion coefficients. Previous work has demonstrated similar trends in which there is not a significant difference in solute diffusivity in the middle and deep zones of articular cartilage [9] . Future work could involve the determination of matrix porosity from these diffusion data to better understand the influence of matrix structure on solutes in these parts of the tissue.
Validation of FCS and RICS in measuring diffusivity in situ suggests that other correlation spectroscopy techniques, such as Spatiotemporal Image Correlation Spectroscopy (STICS) could also be feasible imaging methodologies for quantifying load-induced solute convection in porous viscoelastic materials. Future work will involve performing these analyses in osteoarthritic human cartilage to determine if pathophysiological changes in solute-matrix interaction and fluid behavior are detectable with these methods.
